We have identified 24 members of the DnaK subfamily of heat shock 70 proteins (Hsp70s) in the complete genomes of 5 diverse photosynthetic eukaryotes. The Hsp70s are a ubiquitous protein family that is highly conserved across all domains of life. Eukaryotic Hsp70s are found in a number of subcellular compartments in the cell: cytoplasm, mitochondrion (MT), chloroplast (CP), and endoplasmic reticulum (ER). Although the Hsp70s have been the subject of intense study in model organisms, very little is known of the Hsp70s from early diverging photosynthetic lineages. The sequencing of the complete genomes of Thalassiosira pseudonana (a diatom), Cyanidioschyzon merolae (a red alga), and 3 green algae (Chlamydomonas reinhardtii, Ostreococcus lucimarinus, Ostreococcus tauri ) allow us to conduct comparative genomics of the Hsp70s present in these diverse photosynthetic eukaryotes. We have found that the distinct lineages of Hsp70s (MT, CP, ER, and cytoplasmic) each have different evolutionary histories. In general, evolutionary patterns of the mitochondrial and endoplasmic reticulum Hsp70s are relatively stable even among very distantly related organisms. This is not true of the chloroplast Hsp70s and we discuss the distinct evolutionary patterns between ''green'' and ''red'' plastids. Finally, we find that, in contrast to the angiosperms Arabidopsis thaliana and Oryza sativa that have numerous cytoplasmic Hsp70, the 5 algal species have only 1 cytoplasmic Hsp70 each. The evolutionary and functional implications of these differences are discussed.
INTRODUCTION
The heat shock 70 proteins (Hsp70s) are a ubiquitous protein family that is highly conserved across all domains of life (Gupta and Golding 1993; Karlin and Brocchieri 1998) . The Hsp70s are chaperones and are crucial housekeeping proteins. They have roles in the transport of proteins across membranes into organelles, the folding of newly translated proteins, and the repair of misfolded proteins (Bukau and Horwich 1998; Hartl and HayerHartl 2002; Mayer and Bukau 2005) . During times of heat stress, certain Hsp70s are upregulated and participate in the refolding of denatured proteins (Bukau and Horowich 1998; Hartl and Hayer-Hartl 2002; Mayer and Bukau 2005) . All Hsp70s possess 3 distinct domains: an N-terminal adenosine triphosphatase (ATPase) domain of ap-even, primarily due to a lack of complete genome sequence data. For instance, Lin et al (2001) compared the Hsp70s in the complete genome of Arabidopsis thaliana (an angiosperm) to those found in yeast. The great evolutionary distance in this comparison was due to the lack of any complete genome datasets for any other photosynthetic eukaryotes. The recent sequencing of the complete genomes of a diatom Thalassiosira pseudonana, a red alga Cyanidioschyzon merolae, and 3 green algae (Chlamydomonas reinhardtii, Ostreococcus lucimarinus and O. tauri), now allow us to conduct comparative genomics studies of the Hsp70s present in diverse photosynthetic eukaryotic lineages. The purpose of this study was to identify Hsp70 homologs, analyze trends of Hsp70 evolution, and examine hypotheses concerning the diversity of Hsp70s. We hope this work will facilitate future studies of Hsp70s in these and related species.
MATERIALS AND METHODS

Identification of algal Hsp70 homologs
We use the term algae or algal to refer to aquatic photosynthetic eukaryotes. Algae are a diverse group of organisms that all share plastids. Algae are not a monophyletic group and we cannot assume that the organisms themselves have close evolutionary relationships.
The Hsp70 sequences were obtained from the Joint Genome Institute (JGI) genome sites: Thalassiosira pseudonana v3.0 (http://genome.jgi-psf.org/thaps3/thaps3.home.html), Chlamydomonas reinhardtii v3.0 (http://genome.jgi-psf. org/Chlre3/Chlre3.home.html), Ostreococcus lucimarinus v2.0 (http://genome.jgi-psf.org/Ost99013/Ost99013.home. html), and Ostreococcus tauri v.2.0 (http://genome.jgi-psf. org/Ostta4/Ostta4.home.html). The C. merolae genome site can be found at (http://merolae.biol.s.u-tokyo.ac.jp/). The databases were queried by both keywords (Hsp70 and heat shock protein 70) and sequence similarity using BLAST (Altschul et al 1997) searches with A. thaliana Hsp70 sequences (Lin et al 2001) . We used an E-value cut-off of less than 0.001. The genome databases had differing levels of annotation and, in some genomes, multiple gene models for the same chromosomal locations were found during the searches. The most complete gene model for each chromosomal location was chosen for study. These gene models were compared to known expressed sequence tag (EST) sequences (see EST database searches section for details). The estimated molecular weights for each protein were determined by using the ProtParam program (Wilkins et al 1999) .
Hsp70 protein nomenclature
To easily refer to the proteins discovered in the genome databases examined, we have designated the following naming system: for those HSP70 proteins from Thalassiosira pseudonana, Tphsp70-x; C. merolae, Cmhsp70-x; C. reinhardtii, Crhsp70-x; O. lucimarinus Olhsp70-x; O. tauri; Othsp70-x. The letter x denotes the protein number. This number is given so that the many Hsp70s in each genome can be identified individually. The list of the Hsp70s used in the phylogenetic analysis along with their gene accessions numbers is available in online Supplementary Materials.
Phylogenetic analysis
In order to understand the origins and evolution of the Hsp70s in the diverse species studied here, the Hsp70 protein sequences were imported into the BioEdit Sequence Alignment Editor program (v7.0.5; Hall 1999) and aligned with ClustalW (Thompson et al 1994) . Further refinement of the alignment was performed by hand. In this alignment, we included the Hsp70s identified in the 5 genomes mentioned above. In addition, we included Hsp70 homologs from other eukaryotes for which complete genome sequences are available, including Saccharoymces cerevisiae, Plasmodium falciparum, Plasmodium yoelii, Arabidopsis thaliana, and Oryza sativa. Our choice of Hsp70s included in this alignment was guided by the availability of complete genome data and the desire to include taxa that are closely related to the photosynthetic eukaryotes. For example, the evolutionary jump from green algae to angiosperms (A. thaliana and O. sativa) is large, but this is due to the lack of available genome datasets. P. falciparum and P. yoelii were included because they are both apicoplexans, they have relictual plastids that are of red algal origin, and they represent an important early diverging eukaryotic lineage (Baldauf et al 2000; Keeling 2004a Keeling , 2004b . Additional Plasmodium and other parasitic protist genomes exist; however, addition of these genomes may unnecessarily include additional divergent or long branches in our analysis. The need to clarify the evolutionary relationships of the CP Hsp70s led us to include CP-genome encoded Hsp70s from 5 red algae (Cyanidium caldarium, Gracilaria tenuistipitata, Porphyra haitanensis, Poryphyra purpurea, and Porphyra yezoensis), 1 cyroptophyte (Guillardia theta), and 1 diatom (Odontella sinensis). The DnaK proteins from the cyanobacteria Synechocystis sp strain PCC6803 and Escherichia coli also were included. Eighty-one sequences were in the final alignment. The full list of species and accession numbers is available in online Supplementary Materials.
For the phylogenetic analysis, we excluded the variable and difficult to align C-terminal domain. In addition, the variable N-terminal region containing transit or leader sequences also was excluded. The alignment was then of the highly conserved ATPase and peptide-binding domains. However, some amino acid insertions were present in just single or a few proteins; these regions were removed from the alignment. The final alignment used for phylogenetic analysis is available as online Supplementary Materials.
The phylogenetic relationships of the Hsp70s were analyzed with 2 different phylogenetic tree construction methods: neighbor-joining (NJ) in MEGA v.4.0 (Kumar et al 2004) and Bayesian in MrBayes v.3.1.2 (Ronquist and Huelsenbeck 2003) . In MEGA, distance matrices were generated using the pairwise deletion option with the Dayhoff amino acid matrix. One thousand bootstrap replicates were created and trees were generated using NJ for each replicate. The bootstrap values reported for each branch reflect the percentage of the 1000 trees that contained that branch.
In MrBayes, we first performed an initial analysis using the mixed amino acid model. This analysis was conducted as described in the program manual (section 4.2.2 in MrBayes v.3.1; Ronquist et al 2005) and determined that the best fixed-rate model of protein evolution for the alignment was the WAG model (Whelan and Goldman 2001) . This model (WAG) then was used in our subsequent phylogenetic analysis. Metropolis-coupled Markov chain Monte Carlo (MCMCMC) from a random starting tree was initiated in the Bayesian inference and run 2 000 000 generations with a sample frequency of 1000, print frequency of 100, and 4 chains. Three of the 4 chains run were heated and 1 was cold. All other settings or priors were set to the default used in MrBayes. We determined that the chains converged (the average standard deviation of the split frequencies was below 0.01) after 250 000 generations; this was used as our ''burnin'' and the first 250 trees were discarded. A consensus was created from the remaining trees (1750) and is presented in Figure 2 . The topology of the NJ tree was highly congruent with the Bayesian tree and therefore only the bootstrap values are reported for the NJ analysis.
EST database searches
Sequences obtained from the genome databases were used as queries in BLAST searches of available EST databases to determine if the genes are expressed. These EST databases can be found at the C. merolae genome site, a diatom site (http://avesthagen.sznbowler.com/), the Chlamy Center website (http://www.Chlamy.org/cgi-bin/webblast.pl), and an O. tauri EST site (http://bioinformatics.psb.ugent. be/blast/public/?projectϭostreococcus).
The JGI T. pseudonana and C. merolae and O. tauri EST databases do not specify the conditions in which their ESTs were compiled. Therefore, for these species, there is no information on differential expression of Hsp70 EST sequences. However, the Chlamy Center database does list 7 different cDNA libraries from which ESTs were collected: core (normalized), S1D2 (normalized), deflagellation (pH shock and flagellum regrowth), gamete and zygote (nitrogen-deficient medium and collection during gametogenesis), and stress I, stress II, stress III. It is important to note that stress I and II cDNA libraries did not involve heat shock, but instead were grown in varying light conditions and TAP mediums with NO 3 , NH 4 , H 2 O 2 , and sorbitol. In addition, the stress III cDNA library was made from Chlamydomonas reinhardtii that had been exposed to different levels of copper (Shrager et al 2003) . In the EST searches, only sequence matches of 95% sequence identity or higher were considered hits. A higher level of stringency could unnecessarily exclude true matches due to minor sequencing errors. A lower stringency could reflect a match to a closely related but still distinct homolog.
Subcellular predictions
The newly identified Hsp70 sequences were submitted to the prediction programs Psort, Predotar, and TargetP (Nakai and Horton 1999; Emanuelsson et al 2000; Small et al 2004) to determine their possible subcellular localization. Subcellular predictions also were based on the phylogenetic affinity or relationship of the proteins to other proteins with experimentally determined cellular locations (Heazlewood et al 2004) .
RESULTS
The green algae
Five full-length Hsp70s from the DnaK subfamily were found in the Chlamydomonas reinhardtii nuclear genome (Table 1 ). Analysis of version 1 of the C. reinhardtii genome reported 7 Hsp70s (Schroda 2004) ; however, an analysis of version 2 and 3 data revealed that these additional 2 Hsp70 sequences are not complete with significant portions of usually conserved regions missing. Of the 5 Chlamydomonas reinhardtii Hsp70s, only 1, Crhsp70-3, is clearly a cytosolic protein. It has been established that cytosolic HSP70s have a conserved amino acid motif GP(T/K)(V/I)EEVD at their C-terminus (Boorstein et al 1994; Sung et al 2001) . Crhsp70-3 contains the conserved cytosolic C-terminal sequence of GPKIEEVD and lacks any N-terminal signal or transit sequence (Fig  1) . Crhsp70-3 is also clearly a member of the cytoplasmic Hsp70 family or lineage (Fig 2) .
All of the other C. reinhardtii Hsp70 proteins possess some kind of transit sequence. Crhsp70-4 and Crhsp70-5 both possess N-terminal transit sequences and the C-terminal ER retention signal HDEL, suggesting that these are ER proteins. The subcellular prediction programs indicate that these are targeted to the ER (Table 2) , and both of these proteins are members of the ER Hsp70 lineage (Fig 2) . Crhsp70-1 also possesses an N-terminal transit sequences (Fig 1) and all of the subcellular prediction programs indicate that this is a CP protein (Table Hsp, molecular weight; ID. Genome location refers to the chromosomal location except for Chlamydomonas reinhardtii. The genome sequence has not yet been mapped to the C. reinhardtii chromosomes. For this species, the location positions refer to scaffold location. Tphsp701 and Cmhsp70-1 are encoded in the chloroplast genome. The gene models for both Crhsp70-2 and Olhsp70-2 missed part of the N-terminal region (see Results section for details).
2). The phylogenetic placement of Crhsp70-1 within the lineage containing the CP-localized Hsp70s from A. thaliana and O. sativa (Fig 2) is consistent with this cellular location. The gene findings programs at the C. reinhardtii web site start Cmhsp70-2 at the MEG at positions 77-79 on the alignment (Fig 1) . Our examination of the sequences 5Ј of this ATG found addition sequence including a region coding for the conserved GIDLGTT region at resides 75-81 in Figure 1 . With the addition of these amino acid residues, this protein appears to have a transit sequence but the true start of this protein is not known. EST clones that are an exact match to this gene are present in the EST databases but they are incomplete and do not include the start methionine. However, the phylogenetic placement of this protein clearly indicates that it is an MT-localized protein. Analysis of the EST data for all of the C. reinhardtii Hsp70s indicates that all the Hsp70 genes are expressed but that there is differential expression (Table 3) . For instance, Crhsp70-2, Crhsp70-3, and Crhsp70-4 are not found in the core library but are found in other libraries.
Each Ostreococcus genome (O. lucimarinus and O. tauri) contains 5 Hsp70s. One is a nuclear-encoded CP Hsp70 (Olhsp70-1, Othsp70-1); another is an MT Hsp70 (Olhsp70-2, Othsp70-2). One ER Hsp70 (Olhsp70-3 and Othsp70-3), 1 cytoplasmic Hsp70 (Olhsp70-4, Othsp70-4), and finally 1 Hsp70 of uncertain location (Olhsp70-5 and Othsp70-5; Tables 1 and 2 , Figs 1 and 2) exist. The cytoplasmic Hsp70s contain the conserved consensus motif, and the organelle-localized proteins have the required N-terminal transit sequences (Fig 1) . Although all the O. tauri Hsp70s were represented in the EST database, the cytoplasmic Othsp70-4 was the most highly represented at 132 matches compared to between 1 and 8 matches for the other Hsp70s. The O. tauri CPHsp70, Othsp70-1, is shorter than most other CPHsp70 and Olhsp70-1. It is likely that this gene model is correct. No sequence homologous to the C-terminal region of Olhsp70-1 was found in the O. tauri genome. In addition, this short gene model is supported by EST data. The 2 proteins of uncertain location (Olhsp70-5 and Othsp70-5) are closely related to Tphsp70-3. Both Olhsp70-5 and Othsp70-5 are shorter than the other HSP70s and are lacking the variable C-terminal region. These gene models are consistent with EST data, indicating that these proteins are expressed. The phylogenetic placement, outside of the ERϩcytoplasmic lineage, of these proteins is not affected by their lack of a C-terminal domain because, due to its high level of variability, this region was excluded from the phylogenetic analysis. We also performed phylogenetic analyses with an even shorter alignment (with less gaps for these proteins) and it had the same topology as the tree in Figure 2 . Due to their placement outside of the other Hsp70 lineages, it is not possible to predict where they are found in the cell.
Based on analysis of the EST clone sequences it is clear that both the O. lucimarinus (Olhsp70-2) and O. tauri (Othsp70-2) MT Hsp70s have N-terminal extensions not reflected in the gene models found at the JGI genome sites. A full-length EST sequence with a 100% match to the DNA sequence of Othsp70-2 (clone ot04g04210) was identified in the Ostreococcus EST database. This EST clone contains a clear MT-target sequence. DNA sequence encoding this N-terminal region is present in the genome sequence for OtHsp70-2 and a very similar region was identified in Olhsp70-2; however, the exact start Met residue for Olhsp70-2 is still uncertain. The additional N-terminal sequence protein sequence is presented in Figure  1 . Both Othsp70-2 and Olhsp70-2 are clearly members of the MT family of Hsp70s (Fig 2) . This is very similar to the situation with the missing N-terminal region of the C. reinhardtii MT Hsp70. (Tp) . Amino acid residues 1-70 in the alignment include the variable N-terminal region. This region is absent in cytoplasmically localized HSP70s and contains the transit sequences for mitochondrion (MT), chloroplast (CP), and endoplasmic reticulum (ER) HSP70s. The much more highly conserved adenosine triphosphatase (ATPase) domain includes residues 70-475. This region displays considerable sequence conservation but also has regions of insertion or deletion of 1 to a few residues. The peptide-binding domain (residues 490-645) is extremely well conserved. The variable C-terminal region (645-760) is absent in some proteins and highly variable in others, and its function is not well established. It also contains ER and cytoplasmic consensus sequences. The cytoplasmic consensus sequence GP(T/K)(V/I)EEVD at residues 762-769 is in bold. The ER consensus sequence HDEL at residues 765-769 is underlined.
C. merolae: a red alga
Three Hsp70s from the DnaK subfamily have been found in the C. merolae nuclear genome (Table 1) . Also an Hsp70 is in the C. merolae CP genome ( Table 1 ). All of these Hsp70s are represented in the C. merolae EST database. Of the 4 C. merolae Hsp70s, only 1, Cmhsp70-3 (71.5 kDa), has a cytoplasmic Hsp70 sequence motif: GPTVEEVD (Fig 1) . Cmhsp70-4 has a N-terminal transit sequence and ends in HDEL, suggesting that this could be an ER protein. This is consistent with its phylogenetic placement (Fig 2) and with the subcellular predictions ( Table 2) . Cmhsp70-2 also possesses an N-terminal transit sequence (Fig 1) . The results of the subcellular predictions (Table  2 ) and the phylogenetic analysis indicate that Cmhsp70-2 is targeted to the mitochondria. The CP Hsp70, CmHsp70-1, is found within the larger plastid Hsp70s but is within the subfamily of CP-encoded Hsp70s, including Tphsp70-1 and other red algal and diatom CP Hsp70s (Fig 1) .
Thalassiosira pseudonana: a diatom
Thalassiosira pseudonana has 5 Hsp70s. One Hsp70 (Tphsp70-1) is encoded in the CP genome (Table 1; Fig Fig 1. Continued. 2). An additional 4 genes for Hsp70s were identified in the JGI Thalassiosira pseudonana v3.0 nuclear genome (Table 1). All of these Hsp70s are represented in the Diatom EST database. Analysis of the alignment in Figure 2 reveals that Tphsp70-2 possesses an N-terminal leader sequence, suggesting either CP or MT localization (see also Table 2 ). Based on phylogenetic relationship (Fig 2) and subcellular prediction (Table 2) it is clear that Tphsp70-2 is MT protein. Tphsp70-4 contains the cytoplasmic amino acid motif (GPTIEEID). This evidence plus the placement of this protein within the cytoplasmic lineage suggests that it is cytoplasmically localized. Tphsp70-5 possesses a short N-terminal signal sequence and ends in DDEL (Fig 1) , which indicates that this is ER localized. The ER location is consistent with Tphsp70-5 placement in the ER family in the phylogenetic tree (Fig 2) . Tphsp70-3 lacks any N-terminal signal or transit sequence, suggesting a cytoplasmic location (Table 2; Fig 1) . However, the C-terminal region is shorter than the cytoplasmic protein, and Tphsp70-3 lacks the cytoplasmic consensus region. Further, its placement outside of both the ER and cytoplasmic lineages (Fig 2) makes a prediction based on phylogenetic relationships problematic. At this time, the cellular location of this protein is unknown.
Gene family evolution
Analysis of the phylogenetic tree of Hsp70s in Figure 2 indicates that there are 5 well-supported lineages of Hsp70s. The first lineage (the branch leading to this lineage is labeled 1) includes all the MT-located Hsp70s (Fig  2) , which are all nuclear encoded. The second major lineage includes the plastid Hsp70s. This lineage is closely related to Synechocystis DnaK1 and DnaK3, and it includes Synechocystis DnaK2. Within this CP lineage there are 2 distinct subfamilies. One subfamily includes the ''green'' plastid Hsp70s (the angiosperm and green algal CP Hsp70s). These proteins are all nuclear encoded. The other CP Hsp70 subfamily or the ''red'' plastid lineage includes the C. merolae and T. pseudonana CP-encoded Hsp70s, along with other CP-encoded Hsp70s. Another major branch in the Hsp70 tree (branch 3) includes both the ER and cytoplasmic Hsp70s. Within this lineage there are the well-supported ER (branch 4) and cytoplasmic (branch 5) Hsp70 lineages. Three Hsp70s fall outside of the ERϩcytoplasmic lineage: Tphsp70-3, Olhsp70-5, and Othsp70-5.
DISCUSSION
In this study, we identified Hsp70 homologs in 5 complete genomes: C. reinhardtii, O. lucimarinus, O. tauri, T. pseudonana, and C. merolae. We found that each species had between 4 and 5 Hsp70s, with at least 1 each belonging to CP, MT, ER, and cytoplasmic lineages. This is considerably less than the 14 Hsp70s present in the A. thaliana genome and the 18 Hsp70s in O. sativa. As we describe the relationships and evolutionary history of the Hsp70s, it is useful to review the features and evolutionary relationships of the species examined in this study.
C. merolae, a red alga, is a single-celled organism that lives in acidic hot springs (Matsuzaki et al 2004) . Therefore, it is well adapted to high temperatures. C. merolae has a small and compact genome (Matsuzaki et al 2004) . The marine diatom T. pseudonana is also single-celled, has a worldwide distribution, and like other diatoms has silicified cell walls (Armbrust et al 2004) . It also has a relatively small genome. C. reinhardtii is a chlorophyte green alga and, as such, is more closely related to land plants than are the diatoms and red algae (Baldauf 2000; Yoon et al 2004) . Chlamydomonas is also single-celled and is not known to be adapted to extreme temperatures or other extreme conditions. It does not possess a streamlined genome. The Ostreococcus isolates are very interesting. They are Prasinophytes and members of the green algal lineage. O. tauri and lucimarinus are extremely small singlecelled organisms; in fact, it has been reported that they are the smallest known free-living eukaryotes. They, like C. merolae, have very small and highly dense genomes (Derelle et al 2006) . Both are found in marine environments. O. lucimarinus, usually isolated from surface waters, is adapted to high light intensities. O. tauri most often is found deeper in the water column.
C. merolae, C. reinhardtii, O. lucimarinus, O. tauri, and T. pseudonana all have 1 nuclear-encoded MT Hsp70 protein.
This is comparable to the number of MT Hsp70s found in other organisms. Each Plasmodium genome has 1, S. cerevisiae and A. thaliana have 2, and O. sativa has 3 MT Hsp70s. The mitochondrion evolved once, very early in eukaryote evolution, prior to the divergence of the major eukaryotic lineages (Embley 2006) . The transfer to the nucleus of many MT-endosymbiont genes occurred soon after the establishment of this endosymbiont (Embley and Martin 2006) . In fact, the presence of Hsp70 (and Hsp60) genes in the nucleus of eukaryotes that now lack MT has provided the key evidence that MT were gained once in evolution, with multiple subsequent losses (Embley 2006; Embley and Martin 2006) . The relationships of the early diverging eukaryote lineages still are uncertain and a single protein phylogeny is not expected to resolve these relationships (Embley and Martin 2006) . However, the relationships of the MT Hsp70s (Fig 2, branch 1 ) in this study mostly follow organismal relationships. The green plant lineage (green algae plus plants or Chlorobiota) forms a well-supported lineage. The red alga and diatom fall outside of this lineage with the Plasmodium species. The relative lack of resolution among the red alga, diatom, and Plasmodium species is not unexpected because The relative support for each branch is indicated by both the posterior probability from the Bayesian analysis (highest value is 1.00) and the bootstrap value percentage (based on 1000 bootstrap replicates) from a neighbor-joining analysis of the same alignment (provided in Supplementary Materials available online). In order to save space, an asterisk (*) is used to denote a posterior probability of 1.00 or a bootstrap value of 100. The symbol */* would denote both 1.0 posterior probability and a 100 bootstrap value. Whenever possible, support values are above each branch. When branches are short, these values are below the branch. The numbered branches refer to the well-supported major heat shock protein (Hsp) 70 lineages: 1 ϭ mitochondrion (MT) Hsp70s; 2 ϭ chloroplast (CP) Hsp70s; 3 ϭ endoplasmic reticulum (ER) ϩ cytoplasmic Hsp70s; 4 ϭ ER Hsp70s; 5 ϭ cytoplasmic Hsp70s. The scale bar indicates the expected number of substitutions per site. they represent early diverging lineages. The phylogenetic patterns among the MT Hsp70s indicate a fairly consistent evolutionary pattern for this protein across organismal lineages. However, it is clear that 1 duplication of the MT Hsp70s occurred prior to the monocot-dicot divergence and an additional duplication occurred within the lineage leading to rice.
The chloroplasts also are derived from bacterial endosymbionts, but the CP Hsp70s (Fig 2, branch 2) have a very different evolutionary history compared to the MT Hsp70s. All of the algal species examined here have 1 CP Hsp70. Again we see evidence of gene duplication within the angiosperms because A. thaliana and O. sativa each have 2 CP Hsp70s. What is most notable concerning the CP Hsp70s is that the green algae and plants all have nuclear-encoded CP Hsp70s, and the red algae and diatoms have CP-encoded Hsp70s. Reith and Munholland (1991) were the first to report that a red alga, Porphyra umbilicalis, had a CP-encoded Hsp70. Now, with the complete genome of C. merolae, we know that red algae do not have also a nuclear-encoded CP Hsp70.
A short discussion of plastid evolution is useful here in our evaluation of the CP Hsp70s. It is now clear that there was a single origin of primary plastids. However, the primary green, red, and glaucocystophyte plastid lineages diverged very early in plastid evolution (Keeling 2004a) . The primary plastids are the product of a single endosymbiotic event in which a nonphotosynthetic eukaryote engulfed a cyanobacterium (Keeling 2004a) . The primary plastids in turn have been involved in numerous secondary endosymbiotic events (Keeling 2004a (Keeling , 2004b . In secondary endosymbiosis, nonphotosynthetic eukaryotes engulf a photosynthetic eukaryote (usually either a green or red alga) with a plastid (Armbrust et al 2004; Keeling 2004b ). Much of the red or green alga then disappears after becoming an endosymbiont, leaving a plastid with multiple membranes. The plastids in diatoms are a product of a secondary endosymbiosis of a red alga. Therefore, the CP genomes of red algae and diatoms are much more closely related than the red algal and diatom nuclear genomes. From this we might expect more similarity between the C. merolae and T. pseudonana CP Hsp70s than we see in the other nuclear-encoded Hsp70 homologs in these 2 species.
From our phylogenetic analysis (Fig 2) it is clear that, although the CP Hsp70s in all the species studied are derived from the cyanobacterial endosymbiont, the green and red algal Hsp70s form 2 distinct lineages. Although it has been reported that much of the endosymbiont genome was transferred to the nucleus prior to the split of the plastid lineages (green and red) (Martin et al 1998; Martin 2003; Keeling 2004a Keeling , 2004b , it is apparent that the Hsp70 gene was not in 1 of these early transfer events. Rather, there was a transfer to the nucleus from the green plastid after the green and red plastid lineages diverged. No transfer to the nucleus of the CP Hsp70 gene occurred in the red plastid lineage.
We know that extant cyanobacteria have multiple DnaK proteins (Nimura et al 2001) . This suggests that the CP endosymbiont also had multiple DnaKs. From our phylogeny, it appears that the red CP Hsp70s are more closely related to Synechocystis DnaK2 than are the green CP Hsp70s. It is then possible that the green and red algal CP Hsp70s are derived from different cyanobacterial DnaKs. We do not yet have a complete understanding of the functional differences among the DnaK homologs in cyanobacteria, but there is evidence that differences do exist (Kovacs et al 2001; Varvasovszki et al 2003) . Many functional and biochemical studies have been done of green algal CP Hsp70s (mostly studies of the C. reinhardtii CP Hsp70s). In contrast, very little is known of the red algal CP Hsp70s. The different evolutionary histories of the green and red algal CP Hsp70s suggest functional differences between these CP Hsp70s. Comparative studies of the functional differences among the Synechocystis DnaKs, and red and green CP Hsp70s clearly are needed to address this interesting question.
The other major lineage of Hsp70s includes the ER and cytoplasmic Hsp70s (Fig 2, branch 3) . This branching pattern is consistent with an early gene duplication generating the ER and cytoplasmic lineages. It is interesting that the TpHsp70-3, OlHsp70-5, and Othsp70-5 proteins fall outside this lineage. It is unlikely that they represent a family of Hsp70s that have been lost in other eukaryotic lineages because these species are not closely related. The branch uniting these proteins was well supported in both the NJ and Bayesian analysis. However, it is possible that they are divergent cytoplasmic Hsp70s whose placement Hsp, heat shock protein; CP, chloroplast; MT, mitochondrion; NA; ER, endoplasmic reticulum; SP, subcellular prediction. Predictions were not made for Cmhsp70-1 and Tphsp70-1; both are encoded in the CP genome. Predictions were not made for Crhsp70-2 and Olhsp70-2 due to uncertainty about sequence at the N-terminal region for these genes. For all other Hsp70 proteins, subcellular location predictions were obtained. Each program uses different terminology and predictions: Psort predicts all cellular locations including CP, MT, ER, PR (peroxisome), and cytoplasm. Predotar predicts CP, MT, ER, or elsewhere. TargetP predicts CP, MT, ER, SP (secretory pathway), or other. NA indicates a prediction of elsewhere or other. Phylogenetic affinity is based on placement within the phylogenetic tree in Fig. 2. outside of the cytoplasmic lineage is due to long-branch effects. Examination of additional homologs from other species will be needed to fully understand the evolution and function of these 3 Hsp70s. Like the MT Hsp70s, the ER Hsp70s (Fig 2, branch 4) display a stable or consistent evolutionary history across organismal lineages. Within the ER Hsp70s, phylogenetic relationships generally reflect organismal relationships. Of the algal species examined here, only C. reinhardtii has more than 1 ER Hsp70; by comparison A. thaliana has 3 and O. sativa has 5.
The evolution of the cytoplasmic Hsp70s deserves considerable attention. Though there is strong support for a cytoplasmic Hsp70 lineage (Fig 2, branch 5 ), within this lineage the relationships of the cytoplasmic Hsp70s do not reflect organismal relationships. This indicates a complex history of gene duplication, possible gene loss, and gene conversion. One A. thaliana cytoplasmic Hsp70, Athsp70-4, is found in a more basal position than the green algal cytoplasmic Hsp70s. However, most of the cytoplasmic A. thaliana and O. sativa Hsp70s form speciesspecific groups. These groupings suggest either recent gene duplication or gene conversion. It is also possible that both of these forces are acting on the cytoplasmic Hsp70s. Gene conversion among the angiosperm cytoplasmic Hsp70s quite likely is as rapid gene conversion among cytoplasmic Hsp70s as has been reported in Drosophila (Bettencourt et al 2002) . In addition, in a study of Caenorhabditis elegans and C. briggsae Hsp70s, Nikolaidis and Nei (2004) also reported gene conversion among cytoplasmic Hsp70 genes. If gene conversion is active among the angiosperm cytoplasmic Hsp70s, then these duplicates could be quite old, and gene conversion, not recent duplication, is responsible for the high sequence similarity within species.
The complex evolutionary history of the cytoplasmic Hsp70s is also evident when the number of proteins across species is examined. Although some gene duplication has occurred within the organelle-localized Hsp70 lineages, it is evident from Figure 2 that these protein lineages have remained relatively stable over long periods of evolutionary time. In contrast, it appears that there has been the evolution of considerable diversity in the cytoplasmic Hsp70s since the last common ancestor between C. reinhardtii and the angiosperms. The angiosperms A. thaliana and O. sativa have 7 and 8 cytoplasmic Hsp70s, respectively, and the algal species studied have 1 each. In their study of the A. thaliana Hsp70s, Lin et al 2001 suggest that the reason that A. thaliana has so many more Hsp70s than other eukaryotes is the presence of the plastid. However, all 5 of our study species are photosynthetic and have plastids. Therefore, there must be another explanation for the differences in diversity of Hsp70s between the angiosperms (represented by A. thaliana and O. sativa) and these photosynthetic eukaryotes. An important distinction between the algae studied here and the flowering plants is that all the algae examined are singlecelled. Is it possible that multiple cytoplasmic Hsp70s are associated with multicellularity? However, it has been noted that considerable differences in the numbers of cytoplasmic Hsp70s exist among other lineages. For example, the ascidian Ciona intestinalis (a multicellular animal) has only 2 cytoplasmic Hsp70s, although humans have 8 (Wada et al 2006) . Other lineages that have multiple cytoplasmic Hsp70s include single-celled yeast and multicellular Drosophila. From these comparisons, it appears that there is no clear relationship between multicellularity and the number of cytoplasmic Hsp70s.
However, it has been well established that the cytoplasmic Hsp70s are an important part of the heat shock response and that these proteins can confer thermal tolerance. The importance of multiple copies of cytoplasmic Hsp70s in the ability of Drosophila to withstand high temperature stress has been shown in a number of studies Krebs and Feder 1998; Garbuz et al 2003; Lerman and Feder 2004) . These findings suggest that the multiple cytoplasmic Hsp70s in angiosperms may be related to an increased thermal tolerance in angiosperms compared to algae that have only 1 cytoplasmic Hsp70. However, the red alga C. merolae is adapted to extreme conditions, and the lack of additional Hsp70 homologs in this species indicates this adaptation was not gained by the evolution of diverse Hsp70s, suggesting that not all thermotolerant organisms have multiple cytoplasmic Hsp70s. The plant cytoplasmic Hsp70s have not been studied to the extent that their animal homologs have (Sung et al 2001) and further functional analysis of these proteins clearly is needed.
It is known that there have been numerous polyploidy events within the land plant lineages and that these events have played an important role in gene family diversification within plants. It is possible that the additional cytoplasmic Hsp70s in angiosperms are a product of multiple polyploid events. A fascinating study showed that duplications of cytoplasmically localized proteins are more likely to be retained than duplications of organellelocalized proteins (Blanc and Wolfe 2004) . Other studies have found gene family expansions when angiosperms are compared to algae. For example, in a study of kinesins, it was found that C. merolae has 5, T. pseudonana has 22, C. reinhardtii has 23, and A. thaliana has 61 kinesins. The large increase in angiosperm kinesins compared to the C. reinhardtii is due to expansion in only 2 families of kinesins (Richardson et al 2006) . It is also noteworthy that within the plant lineage there also has been a lineagespecific amplification of the small heat shock proteins or Hsp20s (Waters 2003) . However, early diverging land plants also have a diversity of small heat shock proteins and so this expansion was not directly related to polyploidy in vascular plants. It has been suggested that the stresses of moving onto land, which included increased desiccation, increased ultraviolet exposure, and increased temperature extremes may have been a selective pressure that favored or drove an increase in the types and numbers of molecular chaperones (Waters 2003) . Distinguishing between duplication due to the selective pressures of life on land and the effects of polyploidy for the Hsp70s and other gene families will require considerable additional information including the complete genome sequences of a number of plants representing early diverg-ing land plant lineages. When this data is available, it will be possible to determine if multiple cytoplasmic Hsp70s are found in all land plants, suggesting that selection pressure for thermal tolerance early in land plant evolution drove the duplication of plant cytoplasmic Hsp70s or if only those land plant lineages that have undergone multiple polyploidy events have a diversity of cytoplasmic Hsp70s.
SUMMARY
From the complete genome sequences of 5 distantly related photosynthetic eukaryotes or algae we identified 24 Hsp70s of the DnaK subfamily. Analysis of these 24 proteins indicates that all are expressed and that they all possess the highly conserved ATPase and substrate-binding domains. Some, but not all, also possess the transit sequences for targeting to particular organelles and a few lack the highly variable C-terminal domain. The MT and ER Hsp70s have relatively stable evolutionary histories and the protein phylogenies approximate the organismal relationships. The CP Hsp70s have a very interesting evolutionary history that suggests the possibility of functional differences between red and green CP Hsp70. The green CP Hsp70s are all nuclear encoded. The red CP Hsp70s are all encoded in the CP genome. Our analysis also indicates that the red and green CP Hsp70 may be derived from distinct cyanobacterial DnaK homologs. Finally, the cytoplasmic Hsp70s have a much more complex evolutionary history than the MT and ER Hsp70s. We describe the absence of diverse cytoplasmic Hsp70s in the algal species. Each species appears to have only 1 Hsp70 that is clearly within the cytoplasmic Hsp70 lineage. This is quite distinct from the diverse number of cytoplasmic Hsp70s found in angiosperms or flowering plants.
